Nowadays heavy experimental efforts are focussed on doped oxide thermoelectrics to increase the thermopower and thermoelectric performance. We propose a high thermoelectric figure of merit for half-metallic SrTi 1Àx Co x O 3 (x ¼ 0, 0.125, 0.25, 0.375, and 0.5) in a superlattice with SrTiO 3 , which is stable at high temperatures and in an oxygen environment. The maximal value of Z hardly depends on the doping, while the temperature at which the maximum occurs increases with the Co concentration.
I Introduction
As more than half of the energy generated today is lost as waste heat, there are tremendous activities towards techniques for efficient waste heat recovery and heat to electricity conversion.
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Efficient thermoelectric materials [2] [3] [4] [5] [6] have to show a high thermoelectric gure of merit Z ¼ S 2 s/k, where S, s, and k denote the Seebeck coefficient, electrical conductivity, and thermal conductivity, respectively. On the other hand, the power factor S 2 s focuses on the behavior of the electrons when thermal conductivity can be ruled out at the two end reservoirs. Interdependence of S, s, and k makes it challenging to optimize all these quantities at the same time to obtain an improved Z. A promising strategy for new materials can be the exploitation of the electron spin, as it has been demonstrated that the interdependence of charge and heat currents in thermoelectric materials can be extended by incorporating spin currents into the picture. [7] [8] [9] By different directions and/or magnitudes of the spin up and down currents, a net spin polarised current can be achieved, which results in a spin dependent thermoelectric behavior. The generation of a spin current by a temperature gradient would result in a massive reduction of the thermopower loss from Ohmic heat dissipation associated with the electron motion.
Among the materials with enhanced thermoelectric response, such as skutterudites, 10 complex chalcogenides,
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clathrates, 12 and half-Heusler alloys, 13 oxides 14 are oen characterized by a high thermal stability, excellent oxidation resistance, and weak toxicity. However, the room temperature gure of merit is usually low. For example, for NaCo 2 18) a value of 0.11 at high Na doping. Good oxide thermoelectrics at room temperature and elevated temperatures as well as understanding of the mechanisms leading to such properties therefore are highly desirable. In particular, the existence of a magnetic state can provide modications of the transport properties.
Strontium titanate, SrTiO 3 , is one of the most widely used chemically and compositionally stable perovskite oxides and thus a prototypical candidate for investigation. It nds a range of applications in non-volatile resistive switching memories, 19, 20 eld effect transistors, 21 and memory storage devices, 22 for instance. Since it has a small lattice mismatch with many other perovskite oxides, [23] [24] [25] it can form a wide range of superlattices. In particular, Nb-doped SrTiO 3 has been proposed for thermoelectric applications. In the present work we study the consequences of an induced spin polarization in SrTiO 3 by Co doping. We will demonstrate the appearance of half-metallicity and a strongly enhanced thermoelectric gure of merit.
II Methods
Our calculations are performed using the full-potential linearized augmented plane wave plus local orbitals method of the WIEN2k code, 26 within the framework of density functional theory. For modelling dopant concentrations from 12.5% to 50% the supercell approach is employed.
27,28 Specically, we use a 2 Â 2 Â 6 supercell of the primitive cubic SrTiO 3 unit cell with a total of 120 atoms. We dope the supercell only in the lower third in order to achieve a superlattice of alternating layers of pure and doped SrTiO 3 , compare the schematic presentation of the structure in Fig. 1 . A 6 Â 6 Â 2 Monkhorst-Pack k-mesh is found to be well converged. We take into account the relativistic effects for the core states and use the scalar relativistic approximation for the valence states, i.e., the effect of spin-orbit coupling is not taken into account. The exchange-correlation contribution to the electron-electron interaction is modeled in the generalized gradient approximation.
For the wave function expansion inside the atomic spheres a cutoff of ' max ¼ 12 is used, together with a plane-wave cutoff of R mt K max ¼ 6 with G max ¼ 24. Our basis set consists of the Sr 4s, 5s, 4p, Ti 4s, 3p, 3d, Co 4s, 3p, 3d, and O 2s, 2p states. All energetically lower states are treated as semi-core and core states. The muffin-tin sphere radii are set to 2.50 a B for Sr, 1.94 a B for Ti, 1.8 a B for Co, and 1.60 a B for O. All parameters of the calculations have been checked carefully for convergence to obtain the correct results. In order to capture the effects of the structural relaxation on the local chemical bonding and physical properties, the atomic forces in the supercell are converged down to less than 1 mRy a B
À1
. For minimizing the Co-Co interaction, we chose distances between the dopant atoms of at least 5.5Å, using the experimental lattice constant of SrTiO 3 (3.905Å).
For determining the Seebeck coefficients we employed the BoltzTraP code, 29 which is interfaced with WIEN2k. BoltzTraP is based on Boltzmann theory and calculates band structure dependent quantities such as the electrical and thermal conductivities within the rigid band approach. Accurate results require a very ne k-mesh of 3024 points.
III Results
To establish the magnetic ground state, we studied a small 1 Â 1 Â 2 supercell for 12.5% dopant concentration and optimized its structure assuming non-magnetic, ferromagnetic, and antiferromagnetic congurations for the Co atoms at the Ti sites. We found that the ferromagnetic energy was 41 meV lower than the antiferromagnetic energy, which was 27 meV lower than the non-magnetic energy. Assuming that the magnetic coupling of the Co atoms is given by the mean-eld Heisenberg model, we can estimate
30,31 and obtain for 12.5%
Co doping a value of 317 K, which is above room temperature. For a higher concentration the magnetic coupling will increase and T C will rise. The effects of Co doping on the otherwise insulating density of states (DOS) of SrTiO 3 in the ferromagnetic conguration are demonstrated in Fig. 2 and 3 . The total DOS, see Fig. 2 for x ¼ 0.125, exhibits an insulating majority spin channel along with a sharp minority spin peak near the Fermi energy (E F ), featuring a half-metallic nature. We have checked whether these properties change under consideration of an onsite interaction on the Co d orbitals. For values between 0 and 6 eV the half-metallic nature remains unchanged. A comparison of the electronic structures obtained without onsite interaction and for a value of 4.8 eV is given in Fig. 2 . The DOS shape remains essentially the same but all bands shi to a lower energy in a rather rigid manner under inclusion of the onsite interaction.
In Fig. 3 the partial DOSs of the Co dopant, the nearest neighbouring Ti atom, and the two nearest and next nearest neighbouring O atoms are compared for the lowest and highest doping concentrations. Irrespective of the doping, no Sr states show up in the vicinity of E F , as to be expected. A high number of Co d states appears at E F , where the majority of the spin states remain insulated with a gap of about 1 eV (varies slightly with the Co concentration) and the minority spin states give rise to metallicity. A minor Co-Ti hybridization is observed for all doping concentrations. On the other hand, the O DOSs are subject to large modications next to the dopant. We note that the O atom adjacent to Co in the SrO layer shows a higher DOS at E F than the one in the TiO 2 layer. Fig. 4 and 5 elaborate on the consequences of the modied electronic states on the transport behavior of the system and the resulting thermoelectric quantities. Because of the different DOS at E F , the two spin channels are related to different electrochemical potentials for the same temperature gradient across the sample. 32 The asymmetry of the DOS is the main reason for thermopower (or Seebeck voltage) in classical thermoelectrics. 33 Thus, different asymmetries in the two spin channels lead to different Seebeck coefficients and a net spin dependent Seebeck voltage. 34 The spin dependent Seebeck coefficient, S sp ¼ S up À S dn (where S up and S dn are the Seebeck coefficients of the up and down spin channels), for different Co concentrations are plotted in Fig. 4(a) . A temperature gradient will lead to a spin accumulation proportional to S sp , which is directly measurable with standard lock-in techniques 35 or via the spin Hall effect. [36] [37] [38] [39] The temperature dependence of S sp is found to be the same for all Co concentrations. At low and room temperature it is high, suggesting an easy generation of spin currents, but decays rapidly with increasing temperature. The scattering spin asymmetry ratio, a, is the ratio of the spin up and down conductivities. Its variation with the temperature is shown in Fig. 4(b) . Below room temperature, the majority spin channel is insulating, whereas above approximately 300 K, a grows rapidly. We observe a signicant sensitivity to the Co concentration, with an enhanced a for low doping.
The contributions of the two spin channels to the Hall coefficient R H , the Seebeck coefficient S ¼ (s up S up + s dn S dn )/ (s up + s dn ), and the gure of merit Z are addressed in Fig. 5 . The shapes of the curves are clearly determined by the metallic minority spin channel. The positive Hall coefficient reects hole transport, which however declines fast with increasing doping, i.e., injection of additional electrons. Assuming that the relaxation time is direction independent, we nd that the Seebeck coefficient increases with the temperature for all Co concentrations. The plateaus in S(T) point at a linear temperature dependence of the thermovoltage above 600 K. While the contributions of the majority spin states to S and the resulting Z remain essentially the same for different dopings, see Fig. 5 , changes for the minority spin states show that the two spin channels behave rather independently. Importantly, we nd that Co doping always results in a substantial enhancement of the gure of merit, which, however, saturates quickly with the Co concentration. We obtain peak values of 1. . This reects a substantial improvement of the gure of merit in a superlattice of SrTiO 3 interfaced with SrTi 1Àx Co x O 3 , driven by the induced spin polarization. The enhancement is even stronger at high temperature. The half-metallicity due to Co doping is mainly carried by the Co d t 2g states and prevails under inclusion of an onsite interaction. The majority spin Co d band is fully occupied and located well below E F , whereas the corresponding minority spin band is partially lled. Assuming that the scattering potential is spin-independent, the minority spin channel thus dominates the conductivity.
Prominently different asymmetries of the majority and minority spin DOSs result in a spin dependent Seebeck voltage, which is proportional to the induced charge accumulation. A high value of the spin Seebeck coefficient irrespective of the Co concentration suggests that the generation of spin currents is not difficult, which makes the superlattice under investigation interesting for the eld of spin-caloritronics. We nd that the minority spin channel dominates the transport and thus is responsible for the colossal thermoelectric gure of merit over a large doping range. The at temperature dependence of the Seebeck coefficient (above 600 K) is advantageous from an application point of view. Experimental verication of the theoretical predictions would be desirable.
